A reusable crucible has been developed for directional solidification of multicrystalline silicon ingots by HEM.
INTRODUCTION
It is recognized by the photovoltaic industry that crystalline silicon in ingot form is the best choice for near future applications [l] . Directional solidification and casting processes have been developed as alternatives to the Czochralski (Cz) process and some of these processes have reached production stage [2] [3] [4] [5] [6] [7] [8] .
In the alternative processes, silicon is either melted and directionally solidified in the same crucible or is melted in one crucible and cast into shape by pouring into molds.
In all cases square crosssection multicrystalline ingots are produced and the crucible costs constitute the biggest added value in converting polysilicon meltstock to multicrystalline bars for photovoltaic applications.
A reusable non-oxide ceramic crucible has been developed and used to directionally solidify multiple silicon ingots with the Heat Exchanger Method (HEM-). The feasibility of this approach was demonstrated initially by solidifying five 16 kg, 22 cm square cross-section silicon ingots using the same crucible. The ingot size has been scaled up to 40 kg. 3 
REUSABLE CRUCIBLE
Standard HEM silicon ingots [9] for photovoltaic applications are produced in slip-cast high-purity silica crucibles. Heat treatment causes the crucible to delaminate during cooling of the ingot after crystallization and prevents cracking of the ingot. The processing of silicon is carried out under vacuum (-0 The fused silica crucible for directional solidification can be utilized for growth of only one ingot. The contribution of crucible costs to the total cost of material can be reduced either by using a lower cost expendable crucible, or reusing the crucible for directional solidification of several ingots. However, it is essential that the quality of silicon produced is not compromised. Efforts to reduce the cost of the expendable crucible have been limited by the cost of high purity silica material. Therefore, emphasis shifted to development of a reusable crucible which can be utilized for growth of multiple ingots.
The reusable crucible was fabricated from a non-oxide ceramic material which does not soften at the crystallization temperatures of silicon as fused silica does.
Therefore, it does not have to be supported with a retainer cup or plates. A silicon nitride-based coating prevented direct contact between the ingot and the crucible and minimized both the attachment of the ingot to the crucible and contamination of the silicon. The interior surfaces of the crucible were tapered to ease removal of the ingot after solidification. Trimming the tapered section was sufficient to remove the contaminated surface layer of the ingot.
I N W T PRODUCTION
The reusable crucibles with a silicon nitridebased coating were used for directional solidification. The furnace chamber was operated under vacuum (0.1 torr pressure) during the heat-up cycle. Prior to melting of the charge, the chamber was backfilled with an inert gas to minimize degradation of the coating. Multicrystalline silicon ingots were produced by HEM using crucibles obtained from two different sources. Detailed characterization of both ingots, 239K and 251K, was carried out.
The reusable crucible was demonstrated by producing five 16 kg, 22 cm square cross-section multicrystalline silicon ingots by HEM using the same crucible.
These ingots were sectioned into four 10 cm x 10 cm bars and the wafers from these bars were characterized.
High yield in conversion of ingot to bars was obtained because the stability of the crucible ensured flat sides on the ingot; yield loss was due to kerf loss in sectioning and removing the surface layer of the ingot. The crucibles were recoated after the ingots were removed and reused five times. The crucible finally failed when damaged during removal of an ingot and was not caused by degradation during ingot growth. A 40 kg, 33 cm square cross-section silicon ingot produced in a reusable crucible.
CHARACTER1 XATION
A slab eectioned parallel to the growth direction of a 33 cm square cross-section HEM silicon ingot produced in a reusable crucible is shown in Figure 2 . The etched cross section shows large grain size with vertical orientation of grain boundaries similar to the conventional HEM silicon ingot produced in an expendable fused silica crucible.
Mapping the slab showed uniform resistivity (0.5 t o 1 ohm-cm) consistent with the doping level. Characterization of the material for impurities showed no difference between the silicon grown in the reusable crucible and that grown in a fused silica crucible. The oxygen concentration of the silicon grown in the reusable crucible was <1 ppma compared to 2 to 5 ppma for standard HEM silicon (Table I) . This is expected because the silica crucible is the source of oxygen contamination and it is not present for silicon produced in non-oxide ceramic crucibles. Representative wafers from ingots grown in both fused silica and reusable crucibles were mapped for diffusion length using surface photovoltage method (SPV), and the wafers next to these wafers were characterized for defect density using the Rapid Scanning Defect Mapping System at NFlEL. The data is shown in Figure 3 . The defect maps show a low "background" defect density (<104cm-') ; this corresponds to essentially dislocation-free material.
In localized areas in the central region of the wafer, the defect density increases; however, the defect distribution appears to spread out with no high density regions. Diffusion length maps made by taking SPV measurements at several positions on the wafers did not show a correlation between defect density and diffusion length.
Therefore, the high defect density may not be due to impurities, but perhaps is due to thermal stress frozen in during solidification.
SOLFIR CELL FABRICATION
Representative wafers from the middle section of silicon ingots were processed into solar cells in Sandia's Photovoltaic Device Fabrication Laboratory (PDFL).
To be compatible with the Sandia PDFL equipment set designed for 100 mm round wafers, the 10 cm x 10 cm slices were cut into hexadecagons using a laser scribing system. About 25 pmfside of silicon were removed from the substrates using a 15:l HN03:HF acid etch followed by a KOH etch. Aluminum alloying was done on the substrates by evaporating 1 pm of A1 on the back surface and annealing in oxygen for five minutes, an$ then argon for 30 minutes at a temperature of 850 C or 900 C. The front surface was protected by an oxide of a lOcm x lOcm wafer showing good density.
deposited before the alloying step. After patterning the 2 cm x 2 cm emitter openings in the front oxide using photolithography, and protecting the alloyed back surface by depositing an opide, the P0Cl3 emitter diffusion was done at 850 C. The diffusion oxide was etched off in HF prior to spinon deposition of the sol-gel double layer antireflection coating (DLAR) made up of TiOZ and SiOzContact openings were defined in the unfired DLAR using photolithography.
Aluminum was evaporated onto the back surface, and TiPdAg was evaporated onto the front surface.
Gridlines were defined using a lift-off process, an$ the cells were annealed in forming gas at 400 C for 20 minutes. The mask set produces eight 2 cm x 2 cm cells on each substrate.
The solar cell data and the diffusion lengths determined from internal quantum efficiency analysis are shown in Table 11 .
For both ingots, solar cell efficiencies are in a narrow range; 14.0 f0.51% for 251K and 13.8 t0.3% for 239K.
The differences between the two ingot samples are mainly due to higher Is= values for 251K which may be related to higher purity materials used in manufacturing the crucible. The Internal Quantum Efficiency (IQE) plots for the best cell (#C from 251K) are shown in Figure 4 . The average reflectivity of more than 8% was attributed to the poor anti-reflection coating. The diffusion length based upon the internal quantum efficiency data was 190 um. The characteristics of the silicon are (nm) similar to the smaller ingots.
High yield in conversion of ingot to bars was obtained because stability of the crucible at the directional solidification temperature of silicon ensured flat sides on the ingot and yield loss was due to kerf loss in sectioning and removing the surface layer of the ingot.
The development of a reusable crucible, therefore, reduces expendable costs, improves yield of silicon bars and produces multicrystalline silicon which can be used for production of high efficiency solar cells within a narrow range.
